We demonstrate dispersion cancellation of entangled photons for arbitrary spectral orders, generalizing Franson cancellation typically considered in second order alone. Employing ultrafast coincidence detection based on sum-frequency generation in a periodically poled lithium niobate waveguide with a record-high pair conversion efficiency of 10 À5 , we verify cancellation of dispersion up to fifth order. Cancellation of odd-order phase is experimentally shown to require identical signal and idler dispersion coefficients, in contrast to even-order phase, which cancels with opposite signs. These results are especially important for future work on ultrabroadband biphotons. DOI: 10.1103/PhysRevLett.111.193603 PACS numbers: 42.50.Dv, 42.65.Ky, 42.65.Lm, 42.65.Re Group velocity dispersion, the variation of propagation velocity with optical frequency, plays a fundamental role in ultrafast optics [1] ; methods to control and compensate it have proven essential in applications ranging from the generation of ultrashort pulses to optical communications. Such concerns naturally extend into the quantum regime as well, e.g., in the spreading of biphoton correlations [2] or heralded single-photon wave packets [3] . Yet the spectral correlation between entangled photons permits a nonlocal cancellation of this dispersion: the broadening of one photon can be completely undone by that of its entangled partner, leaving the biphoton correlation function unaltered even if the pair is arbitrarily far apart [4] . This cancellation was first observed on the femtosecond time scale [5] by employing ultrafast coincidence detection based on sumfrequency generation (SFG) [6] [7] [8] .
Group velocity dispersion, the variation of propagation velocity with optical frequency, plays a fundamental role in ultrafast optics [1] ; methods to control and compensate it have proven essential in applications ranging from the generation of ultrashort pulses to optical communications. Such concerns naturally extend into the quantum regime as well, e.g., in the spreading of biphoton correlations [2] or heralded single-photon wave packets [3] . Yet the spectral correlation between entangled photons permits a nonlocal cancellation of this dispersion: the broadening of one photon can be completely undone by that of its entangled partner, leaving the biphoton correlation function unaltered even if the pair is arbitrarily far apart [4] . This cancellation was first observed on the femtosecond time scale [5] by employing ultrafast coincidence detection based on sumfrequency generation (SFG) [6] [7] [8] .
However, such dispersion cancellation has been demonstrated for second-order spectral phase alone, whereas higher orders become increasingly important for wide bandwidths. The experimental examination of such effects is difficult with standard optical materials and components, due to the lack of independent control of each order, but is attainable with programmable Fourier transform pulse shaping [9] , which has successfully been applied to entangled photons [10] [11] [12] . In typical pulse shapers [13] , the input field is spectrally dispersed by a diffraction grating and made to impinge on an array of liquid crystal pixels; by controlling the voltage applied to each pixel, the phase of the corresponding Fourier component can then be programmed at will, thereby allowing for the creation of essentially arbitrary spectral filters, subject only to resolution constraints. In this work, by exploiting the flexibility permitted by a fine-resolution, fiber-pigtailed pulse shaper and a waveguide-based SFG correlator with orders of magnitude improvements in efficiency over past work, we succeed in demonstrating dispersion cancellation for arbitrary spectral orders. Our results are particularly relevant in the quest for single-cycle biphotons [14] , as achieving bandlimited correlation functions necessitates improved control of high-order spectral phase [15, 16] .
The entangled photons for our experiments are produced via spontaneous parametric down-conversion (SPDC) of a monochromatic pump laser. For a pump frequency of 2! 0 , the biphoton state can be calculated using perturbation theory [17] and is well expressed as
where M $ 1, ''vac'' denotes the vacuum state, ðÞ is a complex weight function determined by phase-matching conditions, and s and i represent signal and idler, respectively. The probability density for detecting an idler photon at time t and its corresponding signal at time t þ is then proportional to the fourth-order (in field; second-order in intensity) correlation function À ð2;2Þ ðÞ, which can be expressed as the modulus squared of a biphoton wave packet c ðt þ ; tÞ [18] c ðt þ ; tÞ ¼ hvacjÊ
whereÊ ðþÞ s;i ðtÞ is the positive frequency electric field operator for the signal or idler, respectively. We have neglected the polarization and spatial degrees of freedom, which are unimportant in our experiments, and the stationarity of the photon source ensures that À ð2;2Þ depends on only. If the photons propagate through separate linear and timeinvariant systems before they are detected, the final wave packet, apart from a unimodular factor, is found to be
where H s;i ð!Þ is the spectral filter applied to the signal or idler, respectively. For lossless dispersive media described by general spectral phases It is interesting to note that the opposite sign of dispersion yields cancellation for even orders only; for odd orders, the same sign is required. The spectral anticorrelation of the entangled photons requires the signal and idler phases to be antisymmetric with respect to each other, i.e., that
Thus, odd-order coefficients must be matched, not flipped, for full cancellation. This condition is analogous to classical narrow-band SFG, which is sensitive only to the symmetric phase [19] . And this reveals a principal difference between Franson cancellation and dispersion insensitivity in Hong-Ou-Mandel (HOM) interference [20] [21] [22] . HOM dispersion cancellation places symmetry constraints only on the total biphoton phase, not on the particular functional forms of the signal and idler phases relative to each other. If we define
terference pattern is unaffected so long as È T ðÀÞ ¼ È T ðÞ; i.e., the total biphoton phase must be a symmetric function of the signal frequency offset. Thus, the HOM interferometer is intrinsically insensitive to any even-order phase experienced by either photon [22] , a property that has permitted narrow HOM dips even without true Franson cancellation [15, 21] . On the other hand, the dispersion cancellation discussed in this Letter, which applies to the biphoton correlation function directly, demands the more stringent condition that the total biphoton phase be identically zero, for all orders above first.
In our experiments, we verify the generalized dispersion cancellation condition by considering each order independently, from n ¼ 2 to 5. To do so, we employ a commercial pulse shaper (Finisar WaveShaper 1000S) based on liquid crystal on silicon technology, which features 10-GHz resolution from 191.250 to 196.275 THz-corresponding to 502 resolvable spectral regions. The only major drawback is its insertion loss of $5 dB, and since we use SFG for detection, which scales quadratically with shared signal-idler optical loss [6, 7] , we thereby incur a 10-dB reduction in counts. However, as we show below, a high signal-to-noise ratio is still maintained by enlisting a periodically poled lithium niobate (PPLN) waveguide [23, 24] , which offers orders of magnitude improvements in nonlinear efficiency over bulk crystals [25] .
The experimental setup is shown in Fig. 1 . We couple a monochromatic pump laser at $774 nm into the first 52-mm-long PPLN waveguide, which is temperature controlled to $140 C. Entangled photons are generated around 1548 nm through degenerate down-conversion, for which we measure an internal efficiency of about 10 À5 per coupled pump photon. The residual pump light is removed using three colored glass filters, and the generated SPDC photons are coupled into optical fiber. Because of the collinear, type-0 nature of the downconversion process, it is impossible to distinguish signal and idler spatially or through polarization. Therefore, we define the signal photon as the member of the pair with frequency greater than ! 0 and the idler as its partner with frequency below ! 0 , which allows us to independently control the spectral phase applied to each photon on a single pulse shaper [10, 12] . The optical spectrum directly after the collimator is presented in Fig. 2(a) , showing also the passbands for the signal and idler set by the pulse shaper; the total emission has a full width at half maximum of 8.25 THz. The entangled photons are subsequently manipulated either with dispersion-compensating fiber (DCF) or a pulse shaper and recombined through SFG in a second PPLN waveguide, temperature controlled to achieve a phase-matching curve spectrally aligned to the first. The remaining biphotons are then filtered out with more colored glass, and the SFG photons at 774 nm are detected on a silicon single-photon avalanche photodiode (PicoQuant -SPAD) with a dark count rate less than 20 s À1 . We choose the length of DCF to maximize the measured SFG count rate, finding that a link dispersion of À78 fs=nm optimally compensates the combined dispersion of the nonlinear crystals and the $5 m of Corning SMF-28e fiber (with a nominal dispersion of FIG. 1 (color online) . Experimental setup. A continuous-wave pump laser at $774 nm is coupled into the first waveguide, generating entangled photons around 1548 nm that are subsequently sent into optical fiber. Either DCF or a pulse shaper is used to manipulate the biphoton wave packet. Then the entangled photons are coupled into a second waveguide for upconversion, and a single-photon counter detects the number of SFG photons at 774 nm. The second collimator and waveguide as well as the detector are housed in a box to exclude stray light. PRL 
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193603-2 $16 fs=nm=m) used to connect the two PPLN waveguides across our optical table.
To verify that we are indeed operating in the isolated pair regime, we insert the À78-fs=nm DCF module described above and record the SFG counts as the pump is attenuated. In the multipair regime, the count rate is expected to scale quadratically, whereas a linear dependence is obtained for quantum light [6, 7] . Figure 2(b) furnishes the results of this test. Each data point represents the average of five 1-s measurements, and the subtracted dark count rate is determined by recording the counts over 5 s when the pump is blocked. A log-log slope of 1.13 is found for the curve, confirming that we reside in the near-linear, quantum regime. The raw count rate is exceptionally high as well, reaching 74 100 s À1 at a coupled pump power of 16.3 mW. Accounting for losses between the two PPLN waveguides, the probability for a coupled photon pair to recombine in the second waveguide is found to be approximately 10 À5 , comparable to our SPDC conversion efficiency and orders of magnitude higher than the 10 À9 [12] or even 10 À7 [6] reported in bulk media.
Such high efficiency allows us to endure the $10-dB reduction in counts introduced by the pulse shaper while still maintaining high count rates. Operating at the maximum power in Fig. 2(b) , we replace the DCF with the pulse shaper, programming on it a baseline quadratic phase to achieve a net dispersion of zero and maximize SFG counts. Following the same procedure as in Ref. [10] , the signalidler correlation function is then obtained by sweeping through additional oppositely sloped linear phase terms applied to the signal and idler spectra and measuring the SFG counts at each step; the net signal-idler delay is proportional to the difference in these two slopes, thereby permitting tunable control of the relative photon timing. We note that, in general, SFG introduces distortions in the obtained correlation function due to phase-matching nonuniformity, as the up-conversion process actually filters the biphoton by its phase-matching curve [5, 8] . However, our use of a pulse shaper restricts the SPDC bandwidth to within the nearly flat portion of the phase-matching response, ensuring that all frequency pairs combine freely. This produces an SFG flux directly proportional to À ð2;2Þ ðÞ, as we confirmed through simulation. The result of our measurement is given in Fig. 2(c) . Error bars depict the uncertainty in five 1-s measurements, after dark count subtraction. In this instance, we obtain the dark count rate by recording the counts when the pulse shaper is programmed to maximum (> 35 dB) attenuation, and this method is employed in all subsequent measurements. Even though the second waveguide and detector are isolated from ambient light by an enclosure, dark counts around 450 s À1 are found because of a monitoring lightemitting diode inside the shaper. The temporal FWHM of the correlation function is 370 fs, in good agreement with the 354 fs expected for a bandlimited flattop signal halfspectrum cut down to 2.5 THz by the pulse shaper. Simulations suggest that the slight asymmetry could be due to a small spectral mismatch between the phasematching curves of the two crystals.
Defining the above applied phase as the zero point, for which the biphoton is approximately bandlimited, we add additional phase terms to examine the cancellation of arbitrary spectral orders. The particular phase coefficients are chosen to yield dispersed waveforms in the range of AE5 ps, which is well within the AE25-ps maximum delay possible with the pulse shaper. The second-order case is presented in Figs. 3(a) (theory) and 3(b) (experiment), for dispersion constants È Odd-order spectral phase follows the reverse procedure, for the signal and idler expansion coefficients must be equal for cancellation to ensue. We verify this behavior for the third-order case in Figs. 4(a) and 4(b) . Taking È The fact that even and odd orders carry opposite requirements highlights a crucial divergence from related dispersion effects with coherent or thermal optical sources. For example, in local dispersion compensation of classical pulses, all spectral orders in the compensating medium must be flipped relative to the dispersing medium. On the other hand, for dispersion cancellation with thermal light sources, the dispersion along both paths must be identical [26] [27] [28] . In either case, all spectral orders share a fixed cancellation condition, independent of parity, quite different from the alternating behavior shown here.
In summary, we have implemented a waveguide-based ultrafast correlator for the measurement of the biphoton correlation function, featuring femtosecond resolution and vastly increased efficiency over the bulk crystals employed previously for such purposes. Inserting a fiber-pigtailed pulse shaper with programmable control of spectral amplitude and phase, we show dispersion cancellation of high spectral orders, from second to fifth. These results experimentally generalize Franson cancellation to all spectral phase functions that can be expressed as Taylor expansions. And in the future, by replacing the SFG waveguide and detector with fiber-coupled versions, our pulse shaper and correlator would no longer require free space optics, offering the potential for an entirely fiberized ultrafast biphoton correlator. Finally, although the timing resolution of most single-photon detectors [29] makes observation of these dispersive effects difficult for separated photons, upconversion-assisted schemes with ultrafast gating [30, 31] could be employed to show such dispersion cancellation without the need for biphoton recombination.
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